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Abstract  
A biomass pretreatment process was developed using acidified ionic liquid (IL) 
solutions containing 10 – 30% water. Pretreatment of sugarcane bagasse at 130 °C for 
30 min by aqueous 1-butyl-3-methylimidazolium chloride (BMIMCl) solution 
containing 1.2% HCl resulted in a glucan digestibility of 94 – 100% after 72 h of 
enzymatic hydrolysis. HCl was found to be a more effective catalyst than H2SO4 or 
FeCl3. Increasing acid concentration (from 0.4 to 1.2%) and reaction temperature (from 
90 to 130 °C) increased glucan digestibility. The glucan digestibility of solid residue 
obtained with the acidified BMIMCl solution that was re-used for three times was > 
97%. The addition of water to ILs for pretreatment could significantly reduce IL solvent 
costs and allow for increased biomass loadings, making the pretreatment by ILs a more 
economic proposition.   
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1. Introduction  
Pretreatment of lignocellulosic biomass prior to use as feedstock for biofuel and 
chemical production is required to either disrupt the crystalline structure of cellulose, 
remove hemicellulose, or remove or modify the lignin, to increase the exposure of the 
cellulosic substrate to hydrolytic enzymes, decrease cellulosic substrate recalcitrance for 
enzyme attack and thus increase glucose yield (Mosier et al., 2005; Zheng et al., 1998).  
The use of ionic liquids (ILs) as solvents for pretreatment of lignocellulosic biomass has 
received attention (Alvira et al., 2010; Zhu et al., 2006) because of the ability of some 
ILs to dissolve cellulose under moderate conditions and the possibility of recovering 
nearly 100% of the IL in its initial purity (Heinze et al., 2005).  ILs are salts, typically 
composed of large organic cations and small inorganic anions, which exist as liquids at 
relatively low temperatures (typically < 100 °C) (Alvira et al., 2010).  Some of ILs 
exhibit chemical and thermal stability, non-flammability and immeasurably low vapour 
pressure (Zhu et al., 2006). However, ILs are expensive, generally viscous and to-date 
their commercial application for lignocellulosic processing is limited. Depending upon 
the ILs used, lignocellulosic biomass may be completely dissolved by the ILs and 
subsequently regenerated by adding antisolvents such as water (Zhu et al., 2006). Such 
a process allows ILs to be recovered and recycled. Water is the most commonly used 
antisolvent in IL systems, though it is generally considered that its presence in contents 
above 1% could significantly impair the ability of the IL to solubilise lignocellulosic 
biomass (Swatloski et al., 2002). Recycling ILs to a very low water content is expensive, 
but essential to ensure that the water does not negatively affect biomass dissolution. In 
addition, the viscosities of IL and IL-containing dissolved biomass are high, which 
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make pretreatment with high biomass loadings difficult. As a consequence, many 
studies use biomass loadings of ≤ 5% in hydrolysis, dissolution and pretreatment with 
IL solutions (Binder & Raines, 2010; Kimon et al., 2011; Kuo & Lee, 2009; Li & Zhao, 
2007).  
In previous studies, researchers have also developed chemical processes for direct 
production of fermentable sugars in IL solutions under acidic conditions (Binder & 
Raines, 2010; Li et al., 2008; Zhang & Zhao, 2009). These processes normally include 
two steps: (1) dissolution of cellulosic materials in IL solutions, and (2) acid-hydrolysis 
of dissolved cellulose in IL solutions. The dissolution step may be conducted under 
acidic conditions but requires low water content, typically < 5% (Li et al., 2008). The 
hydrolysis step is usually conducted under acidic conditions in the presence of water (≥ 
10%) (Binder & Raines, 2010).  Although high glucan digestibility is achieved (Binder 
& Raines, 2010), an additional processing stage is required in order to separate the IL 
from sugars prior to their fermentation.  This process adds to the cost of producing 
cellulosic ethanol or other products from glucose.   
Some ILs can effectively pretreat lignocellulosic biomass in the presence of significant 
amounts of water (Brandt et al., 2011; Fu & Mazza, 2011a; Fu & Mazza, 2011b). For 
example, Fu and Mazza (2011a, 2011b) used 1-ethyl-3-methylimidazolium acetate 
(EMIMAc) solution containing up to 50% water to pretreat wheat straw and obtained a 
high glucan digestibility of > 95%. However, the pretreatment process required a high 
temperature (158 °C) and a long reaction time (216 min). In another study, Brandt et al. 
(2011) pretreated Miscanthus giganteus, pine and willow wood with sulfate- and 
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sulfonate-containing Ils in the presence of ~20% water and obtained glucan 
digestibiities of ≥ 90% for Miscanthus biomass at 120 °C for 22 h.  
In the present study, an effective lignocellulosic biomass pretreatment process was 
developed using an IL solution containing significant amounts of water and an acid 
catalyst at lower temperature and/or much shorter reaction time than those have 
previously been reported. A commonly researched IL, 1-butyl-3-methylimidazolium 
chloride (BMIMCl), was used as a model IL. Pretreatment temperature at 130 °C for 30 
min at a water content in the BMIMCl solution of up to 30% did not cause a significant 
decrease in enzymatic digestibility of the pretreated sugarcane bagasse. The use of 
higher water content reduced the viscosity of IL solutions allowing higher biomass 
loading. This should substantially reduce the amount of IL used, IL losses, and 
recycling costs in IL pretreatment systems.  
2. Experimental 
2.1.Materials 
Sugarcane bagasse was used as a model lignocellulosic biomass. The sugarcane bagasse, 
provided by Racecourse Mill (Mackay Sugar Limited) in Mackay, Queensland, 
Australia, was washed with copious amounts of water, air-dried to constant weight, and 
milled in a Retsch® SM100 hammer mill (Retsch GmBH, Germany). The milled 
bagasse was screened using sieves and bagasse powder with particle sizes between 250 
and 500 μm was collected and stored at room temperature (24 °C) in a sealed container. 
The moisture content of the bagasse powder was 6.9%.  BMIMCl (≥95%) and FeCl3 
(97%) were purchased from Sigma-Aldrich, Australia. Hydrochloric acid (32%), 
sulphuric acid (98%) and acetic acid (100%) were purchased from Merck Pty Ltd, 
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Australia. AccelleraseTM 1000 (Batch no. 1600877126) from Danisco (Danisco US Inc., 
USA) and was purchased through Enzymes Solutions Pty Ltd, Australia. The filter 
paper activity of AccelleraseTM 1000 was approximately 40 FPU/mL. All the chemicals 
used in this study were of analytical grade. 
2.2. Pretreatment 
A BMIMCl solution containing the required amounts of acid and water was added to a 
100-mL glass flask. A magnetic stirrer and 4.30 g bagasse (4.0 g dry fibre) were 
transferred into the flask and mixed well. The ratio of liquid to solid was 10 : 1 (weight 
to weight). The flask was sealed with a lid to prevent water loss and immersed in a 
silicone oil bath preheated to the required temperature. The heating element was 
equipped with a magnetic stirring device (Ika Labortechnik, Germany). Pretreatment 
was carried out with an agitation speed set at 500 rpm. Following pretreatment, 40 mL 
water was added into the reaction mixture. The solution was mixed and filtered 
(Whatman 541 filter paper) to collect the solid residue.  All the pretreatments were 
conducted in duplicate. 
For the pretreatment using recycled BMIMCl solution, following an initial pretreatment 
of bagasse with a BMIMCl solution containing 20% water and 1.2% HCl (130 °C, 30 
min), the IL solution was separated from the solid residue by filtration followed by 
washing the solid residue with water .  The IL solution was then concentrated by 
vacuum evaporation at 80 °C to return the solution to its initial water content of 20%. A 
second pretreatment with fresh bagasse (130 °C for 30 min) was undertaken using this 
solution. Following the second pretreatment, the solution was again separated, 
concentrated and reused. In this manner, the pretreatment solution was recycled three 
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times. For each pretreatment, no additional acid was used. The recycling pretreatments 
were conducted in duplicate. 
The filtrate was collected and stored at –20 oC for further analysis. The solid residue 
was washed with 1600 mL distilled water (4 × 400 mL/wash). A portion of the filtered 
solid residue was rapidly frozen in liquid nitrogen and freeze-dried under vacuum. The 
dried sample was stored for compositional analysis. The other portion of the solid 
residue was stored at 4 oC for enzymatic digestion.  Compositional analyses of the raw 
bagasse and the solid residues obtained from pretreated bagasse were conducted 
according to standard procedures developed by National Renewable Engergy 
Laboratory (NREL, US) (Sluiter et al., 2008). The compositional analyses results are 
the means of duplicate results.  
2.3. Enzymatic hydrolysis 
Enzymatic hydrolysis of the solid residue was carried out in a 20-mL glass vial 
containing a 5-g mixture of residue, buffer and enzyme. A glucan loading of 2% was 
used based on the glucan content of the sample. The reaction solution contained 0.05 M 
citrate buffer to maintain the pH at 4.8 and 0.02% sodium azide to prevent the growth of 
microorganisms. The dosage of cellulase (AccelleraseTM 1000) for enzymatic hydrolysis 
was 0.5 mL Accellerase/g glucan (approximate 20 FPU/g glucan). The enzymatic 
hydrolysis was carried out at 50 °C in a rotary incubator (Ratek OM 11 Orbital Mixer, 
Australia) with a shaking speed of 150 rpm. Samples with a volume of 0.2 mL were 
taken at 0, 6, 12, 24, 48 and 72 h. Each aliquot was sealed and incubated for 5 min in a 
boiling water bath to denature the cellulase, centrifuged at 9000 g for 5 min. The 
supernatant (0.1 mL) was diluted 10 times with de-ionized water. The diluted sample 
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was filtered through a 0.45-μm membrane disk filter before high performance liquid 
chromatography (HPLC) analysis. All enzymatic hydrolyses were conducted in 
duplicate.  
2.4. HPLC analysis 
An HPLC system with a Shodex SP 810 carbohydrate column and Waters refractive 
index detector was used to determine and quantify the amounts of sugars obtained from 
the compositional analysis of bagasse and pretreated bagasse (i.e. solid residue), and 
from enzyme hydrolysis of these materials. The temperature for the column was 85 °C 
and the mobile phase was water with a flow rate of 0.5 ml/min. For analyses of the 
components present in the pretreatment hydrolysate (i.e. acetic acid, furfural, 5-
hydroxymethylfurfural (HMF) and sugars), a Bio-Rad Aminex HPX-87H column was 
used with a column temperature of 65 °C. The mobile phase was 5 mM H2SO4 at a flow 
rate of 0.6 mL/min.  
2.5. Proton Nuclear Magnetic Resonance (1H NMR) analysis 
1H NMR was used to analyse the functional groups present in the hydrolysate. The 
hydrolysate was obtained by filtering the IL-acid-water mixture through a Whatman No. 
541 filter paper. Five mL of hydrolysate was mixed with 45 mL water to precipitate out 
lignin.  The lignin was removed by centrifugation at 2500 g for 15 min and the solution 
was filtered through 0.45 μm membrane disk filter and then freeze-dried.  The freeze-
dried sample (0.15 g) was dissolved in 1.35 g dimethyl sulfoxide-d6 (Sigma-Aldrich, 
Australia). 1H NMR experiments were carried out using a spectral width of 4.8 kHz and 
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16 scans were acquired for each sample. Spectra were recorded on a Varian Bruker 
AVANCE 400 MHz spectrometer.  
2.6.  Characterisation of bagasse and solid residue 
Raw bagasse and the pretreated solid residues samples were characterised by X-ray 
powder diffraction (XRD) analysis, Fourier transform infrared spectroscopy (FTIR) 
analysis and scanning electron microscopy (SEM). XRD was used to estimate the 
crystallinity index (CrI) of the bagasse samples. The X-ray diffractometer (PANalytical, 
Netherlands) with Cu Kα radiation (λ = 1.5418 nm) was operated at a voltage of 40 kV 
and a current of 40 mA.  The 2θ range was from 4° to 30° in steps of 0.02° at a rate of 
2.6°/min. CrI was calculated by:  
I002 – Iam (1) CrI = 
I002  
where I002 is the intensity of the crystalline peak at 2θ in the range of 20 – 23°, Iam is the 
“valley” intensity of amorphous cellulose, hemicellulose and lignin at 2θ in the range of 
17 – 19° considering the shift of peaks (Park et al., 2010).   
FTIR spectra of the samples were recorded between 4000 cm-1 and 500 cm-1 using a 
Thermo Nicolet Nexus 870 system (Thermo Nicolet, US) with the processing software 
Omnic 7.3.  SEM was used to record the surface morphological features of bagasse 
before and after pretreatment. The samples were coated with gold using a Leica EMS 
CD 005 system prior to analysis by FEI scanning electron microscope (Quanta 200 3D, 
US).  
2.7. Calculations 
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Glucan (xylan, lignin) recovery was calculated based on the following equation: 
                                                                                                                                (2) Glucan (xylan, lignin) 
recovery in solid reside = 
Total glucan (xylan, lignin) in pretreated bagasse 
residue × 100%
Total glucan (xyaln, lignin) in untreated bagasse 
Glucan digestibility was calculated based on the following equation: 
                                                                                                                                      (3) 
Total glucose yield after enzymatic hydrolysis was calculated based on the following 
equation:  
(4) 
The yield of glucose (xylose, acetic acid, HMF and furfural) detected in the 
pretreatment hydrolysate on bagasse was calculated based on the following equation: 
(5) 
The yield of glucose (HMF, xylose and furfural) detected in pretreatment hydrolysate 
on initial glucan (xylan) content was calculated based on the following equations: 
(6) 
(7) 
(8) 
(9) 
All the data reported in this study are the means of duplicate results.   
Total glucose yield 
Total glucose in enzymatic hydrolysis × 0.9 × 100% 
Total glucan in untreated bagasse
= 
Total glucose in enzymatic hydrolysis × 0.9 × 100% 
Digestibility =
Total glucan in sample
Yield on bagasse = 
Total glucose (or other components) in pretreatment 
hydrolysate × 100%
Untreated bagasse weight
Glucose yield 
Total glucose in pretreatment hydrolysate × 0.9 × 100% 
= 
Total glucan in untreated bagasse
Xylose yield 
Total xylose in pretreatment hydrolysate × 0.88 × 100% 
= 
Total xylan in untreated bagasse
HMF yield 
Total HMF in pretreatment hydrolysate × 1.286 × 100% 
= 
Total glucan in untreated bagasse
Furfural yield 
Total furfural in pretreatment hydrolysate × 1.375 × 100% 
= 
Total xylan and arabinan in untreated bagasse 
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3. Results and discussion 
3.1. Effect of acid type 
Two acids (HCl and H2SO4) and one acidic salt (FeCl3) were used as catalysts in 
BMIMCl solutions containing 20% water for pretreatment of sugarcane bagasse. The 
pretreatments were carried out at 130 °C for 30 min. As shown in Table 1, pretreatment 
with acidic aqueous BMIMCl solutions increased both the glucan content and 
digestibility of pretreated bagasse. Pretreatment with HCl-catalysed BMIMCl solution 
generated a solid residue containing up to 69.6% glucan and only 1.9% xylan. The 
glucan digestibility of the solid residue was 97.5% after 72 h of enzymatic hydrolysis. 
The use of H2SO4-catalysed aqueous BMIMCl solution and FeCl3-catalysed aqueous 
BMIMCl solution resulted in a glucan digestibility of the solid residue of 93.5% and 
86.0% respectively. In contrast, the glucan digestibility of the solid residue from 
bagasse pretreated with BMIMCl without water or catalyst for 120 min, was only 29.5%.  
The low glucan digestibility of bagasse pretreated by BMIMCl solution was likely due 
to the low temperature and high biomass loading of 10%.  Kimon et al. (2011), with 
pretreatment conditions of 140 °C and 150 °C for 90 min (at 5% biomass loading), 
obtained glucan digestibility of 62% and 100% respectively. The authors also noted that 
temperature had a significant effect on the physical appearance of IL-pretreated bagasse. 
The bagasse pretreated at 140 °C appeared to maintain its fibre structure, but at 150 °C 
the pretreated bagasse looked like a paste, suggesting the critical role of reaction 
temperature.   Pretreating corn stover at 150 °C for 90 min resulted in complete 
digestibility with BMIMCl solution after 36 h (Varanasi et al., 2008).  Unlike the 
present work, these previous studies achieved complete digestibility by working at 
temperatures ≥150 °C with virtually no water. 
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The overall total glucose yield following pretreatment and enzymatic hydrolysis was 
90.5% for the solid residue derived from pretreatment with HCl-catalysed BMIMCl 
solution, 88.2% for the solid residue from pretreatment with H2SO4-catalysed BMIMCl 
solution and 81.9% for the solid residue from pretreatment with FeCl3-catalysed 
BMIMCl solution. The higher pretreatment effectiveness (in terms of glucan 
digestibility) using HCl as compared to H2SO4 or FeCl3 as catalyst can possibly be 
attributed, in part, to the stronger acidity at the given conditions. The amount of 
hydrogen ions for 1.2% HCl is the same as that of 1.6% H2SO4 but higher than that of 
FeCl3. This would result in higher proportion of xylan removed in the HCl- and H2SO4-
systems. The pretreatment process using the BMIMCl-HCl system is more effective 
than using the BMIMCl- H2SO4-system, possibly because the chloride ion is more 
electronegative than the sulphate anion. The slight increase in chloride content in the 
HCl-BMIMCl would result in stronger molecular interactions with the cellulose 
hydroxyl hydrogens in the biomass. 
The loss of xylan in the acid-catalysed BMIMCl systems is mainly due to the cleavage 
of β-ether linkages between lignin and hemicellulose. The rate and amount of β-aryl 
ether linkages cleaved are strongly determined by the acidity, the amount of available 
protons, and temperature.  The BMIMCl-HCl solution is operating at a stronger acidic 
condition than the other systems and so is expected to remove a higher proportion of 
xylan from the biomass.   
As HCl was a more effective catalyst in terms of glucan digestibility, it was selected as 
the catalyst to be used for further experimentation. 
3.2. Effect of temperature and acid concentration  
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As shown in Table 2, all the pretreatments with BMIMCl-HCl solutions containinig 20%
water resulted in glucan contents greater than 60%. The digestibility of the solid residue 
from bagasse pretreated at 130 ºC with BMIMCl solution containing 1.2% HCl was the 
highest, while the digestibility was lowest at 90 °C despite the highest acid 
concentration used. The increase in digestibility from 90 °C to 130 °C was over 50% 
clearly indicating that pretreatment temperature has a significant effect on the 
deconstruction of biomass.  
 
The glucan digestibility of bagasse pretreated by BMIMCl solution containing 0.4% 
HCl at 130 °C reached 92.8%, only 4.7% less than that of bagasse pretreated by 1.2% 
HCl at the same temperature, indicating  that an optimum HCl concentration may be 
between 0.4 and 1.2% for pretreatment at 130 °C. 
3.3. Effect of pretreatment time 
The effect of pretreatment time on the composition and digestibility of the solid residue 
was investigated with BMIMCl solutions containing 1.2% HCl and 20% water. As 
shown in Table 3, pretreatment at 130 °C for 15 min removed 83.0% xylan from 
bagasse. Increasing the pretreatment time from 30 to 45 min slightly increased the 
amount of xylan removal from 95.2% to 97.3%. The solid residue from bagasse 
pretreated for 45 min was completely digested after 72 h corresponding to a total 
glucose yield of 92.1%. The 72 h glucan digestibility and total glucose yield for the 
solid residue from bagasse pretreated for 30 min were slightly lower than those for 
bagasse pretreated for 45 min. A high glucan digestibility of up to 92.6% and a total 
glucose yield of up to 86.5% were achieved for the solid residue from bagasse 
pretreated for only 15 min. The study has therefore demonstrated that complete or near 
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complete enzymatic glucan digestion of pretreated sugarcane bagasse can be achieved 
with BMIMCl solution containing acid and a significant quantity of water at a relatively 
lower temperature (130 °C) and shorter reaction times (30 – 45 min) than reported (Fu 
& Mazza, 2011b).  
3.4. Effect of water content  
The presence of significant amounts of water in IL solutions significantly decreases the 
IL solution viscosity, making high biomass loading possible. In addition, the recovery 
cost of IL solutions will be reduced, as the necessity to completely dehydrate the IL is 
no longer required. As shown in Table 4, glucan recovery in the solid residue from 
pretreatment with BMIMCl solution containing 3% water and 1.2% HCl was only 
52.7%. The low glucan recovery was attributed to direct hydrolysis of glucan to glucose 
in the IL solution and production of glucose derivatives such as HMF (Binder & Raines, 
2010; Li et al., 2008) in the hydrolysate.  There was also evidence of charring of the 
biomass which did not allow fractionation, and so the lignin content could not be 
determined using the NREL method. 
Glucan recovery in solid residues increased with increasing water content. With a water 
content ≥ 20%, the glucan recovered in the solid residues was > 92%. A higher 
proportion of lignin was removed from bagasse with acidic BMIMCl solutions 
containing lower water contents. Up to 54% of the lignin (100% – lignin recovery) was 
removed from bagasse with the acidic BMIMCl solution containing 10% water, while 
45, 41 and 37% of the lignin was removed with acidic BMIMCl solutions containing 20, 
30 and 50% water, respectively. In contrast, pretreatment with HCl solution removed 
only 17% lignin from bagasse. Less than 5% of the xylan was recovered in the solid 
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residue from bagasse pretreated with ≤ 20% water. Total xylan and lignin recovery 
increased with increasing water content, simply due to the reduced effectiveness of the 
pretreatment process. 
Fig. 1 shows the kinetics of enzymatic hydrolysis of the solid residues from bagasse 
pretreated with the acidic BMIMCl solutions containing varying amounts of water. 
Enzymatic hydrolysis of the solid residue from bagasse pretreated with the solutions 
containing ≤ 30% water was much faster than that of the solid residue obtained with the 
acidic IL solution containing 50% water and solid residue derived from dilute acid 
treatment. The 24-h glucan digestibility of solid residue from bagasse pretreated with 
acidic IL solution containing 10% was 98.2% close to the maximum value obtained 
after 72 h (Table 4). 
Table 5 shows the yields of glucose, xylose, acetic acid and the sugar degradation 
products (HMF and furfural) in the hydrolysate obtained after pretreatment. Glucose in 
the hydrolysate is the result of hydrolysis of glycosidic linkages in the glucan 
component of bagasse. The formation of HMF is due to the dehydration of some of the 
glucose produced by acid hydrolysis. Hemicellulose in bagasse contains L-arabino-(4-
O-methyl-D-glucorono)-D-xylan in which there are 1.1 acetyl groups for every 10 
xylose units (Scheller & Ulvskov, 2010). The acid-catalysed process results in the 
release of the acetyl groups (as acetic acid) to the hydrolysate. The process also results 
in the hydrolysis of xylan (and arabinan) to xylose (and arabinose) and the dehydration 
of this sugar to furfural. The levels of levulinic acid and formic acid, which are the 
hydrolysis products of HMF and furfural respectively, were negligible.  
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The glucose yields in the hydrolysate were between 0.3 and 1.3% of the bagasse mass 
and between 0.8 and 2.7% of the total glucan content. The water content at 30% gave 
the highest glucose yield. More than 92% glucan was recovered in the solid residues for 
bagasse treated with acidic IL solutions containing ≥ 20% water (Table 4). The highest 
HMF yield (7.9%, on total glucan) was obtained with acidic IL solution containing 3% 
water. The yield decreased significantly with increasing water content in the 
pretreatment solutions, which is attributed to the inhibition of glucan/glucose 
degradation with increasing water content.   
The xylose yield in the hydrolysate increased with increasing water content (Table 5). 
The furfural yield increased with water content increasing up to 20%, thereafter it 
decreased. The maximum furfural yield of the total xylan and arabinan amounts in 
bagasse was 32.0%, for the pretreatment process carried out with the acidic IL solution 
containing 20% water. The low xylose and furfural yields obtained from pretreatment 
with a low water content of 3.0% was possibly due to the formation of water-insoluble 
carbohydrate degradation products (Brandt et al., 2011). Other unidentified components 
may also have been generated from xylan at water contents of 10 and 20% as the total 
yield of xylose and furfural was also far lower than the theoretical yield. At the water 
content of > 20%, the reduced formation of furfural was simply due to the inhibition of 
degradation of C5 sugars with increasing water content.   
The concentration of furfural in the hydrolysate would be further increased through 
repeated recycling of the IL solution after each pretreatment step. Furfural and the IL 
can be recovered using ion-exclusion chromatography (Binder & Raines, 2010). 
Furfural is a platform chemical  and has the potential to replace petroleum-based 
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intermediates for production of plastics and fine chemicals (Chheda et al., 2007).The 
yield of acetic acid on bagasse varied between 4.4% and 4.7%  (Table 5).  This acid can 
also be recovered in the IL purification process.  The presence of furfural, acetic acid 
and IL in the solid residue after pretreatment could negatively affect the downstream 
fermentation process, so effective wash of the residue is necessary. 
The results of the present study show that pretreatment of lignocellulosics by IL is very 
effective in solutions containing significant amounts of water in the presence of an acid 
catalyst.  Although the biomass was not dissolved, the solid residue generated resulted 
in high glucose yields following enzymatic hydrolysis due to significant deconstruction 
of the biomass.  The addition of water lowers the hydrogen-bond basicity of an IL 
(Doherty et al., 2010) and so prevents cellulose solubilisation, but the presence of water 
in the highly acidic environment reduces the severity of the degradation process. It 
should be mentioned though, that the presence of water does assist in the hydrolysis of 
the glycosidic bonds. The drop in pretreatment effectiveness with increasing in water 
content may be due to increased competition between water and the IL in occupying 
pore and fibre structures (Karatzos, 2011). Water has a lower viscosity than the IL and 
would preferentially permeate into the fibre network. Besides, the mere reduction in the 
concentration of the IL with increasing water content would reduce the effectiveness of 
the pretreatment process. 
Pretreatments of biomass by some IL-water mixtures have been reported (Brandt et al., 
2011; Fu & Mazza, 2011a; Fu & Mazza, 2011b). Brandt et al. (2011) found that 
pretreatment of wood with aqueous BMIM solutions containing methyl/hydrogen 
sulfate and sulfonate anions enhanced glucan digestibility when compared to other 
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pretreatments with ILs such as BMIMCl. They found that the presence of water 
prevented solubilisation of biomass in BMIM solutions containing methyl/hydrogen 
sulphate and methylsufonate anions but assisted in the deconstruction process. Brandt 
and co-workers, in part, attributed the effectiveness of these aqueous IL systems to their 
ability to dissolve lignin. They also remarked that the relatively high proton levels (from 
the hydrogensulfate anion), resulted in the removal of the xylan component of biomass. 
It is therefore likely that acidic aqueous BMIMCl systems are behaving in a similar 
manner. 
Although a high biomass loading of up to 33% (w/w) was used for pretreatment of corn 
stover by EMIMAc (Wu et al., 2011), low biomass loadings of ≤ 5% have been used by 
many researchers (Binder & Raines, 2010; Kimon et al., 2011; Kuo & Lee, 2009; Li et 
al., 2009) in order to control the viscosity of IL-based systems. The addition of water 
significantly reduces IL viscosity allowing much higher biomass loadings. High 
biomass loadings will be beneficial if IL-based systems would be used in an industrial 
scale for pretreatment. In the prsent study, high glucan digestibility was achieved with 
biomass loadings of 10% (solid/liquid, w/w). Further increases in biomass loading may 
be possible in larger scale pretreatment reactors containing high-solids mixing elements. 
3.5. Effect of recycling BMIMCl solution 
As shown in Fig. 2, the glucan digestibilities of the solid residues from bagasse 
pretreated with recycled acidic IL solutions were 98.0 (2nd batch), 97.4 (3rd batch) and 
97.3% (4th batch) respectively, close to 97.5% of the solid residue obtained with the 
fresh acidic IL solution (1st batch). The high glucan digestibility is attributed to the 
relatively stable acidic conditions as the pH value of the recycled solution increased 
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only a little (< 0.2) after several repeats. The generation of organic acids such as acetic 
acid during pretreatment may also help maintain solution acidity. 
1H NMR spectra of the hydrolysate after 4th batch pretreatment show eight major signal 
peaks (Fig. S1). These signals correspond to the protons from BMIMCl. They are: three 
deshielded ring protons (imidazolium ring) at δ 9.64 (singlet), at δ 7.93 and δ 7.85 (two 
overlapped doublets), alkyl group protons (methylene groups) at δ 4.21 (triplet), protons 
of methyl group attached to the imidazolium ring at δ 3.88 (singlet), alkyl group protons 
(methylene groups) at δ 1.75 (quintet) and at δ 1.22 (sextet), as well as methyl group 
protons at δ 0.85 (triplet). The signal of protons of DMSO was at 2.50. As shown in Fig. 
S1, additional signals appeared after the IL was used 4 times. These peaks were peaks at 
δ 6.3-7.4 and peaks at δ 1.9 - 2.2. The signal peaks at δ 6.3-7.4 were attributed to 
protons from lignin aromatic rings while the signal peaks at δ 1.9 - 2.2 were attributed 
to methyl or methylene adjacent to double bond or carbonyl group of lignin (Bu et al., 
2011; Marchessaults et al., 1982; Sun et al., 2004). The presence of lignin signal peaks 
was because not all the lignin was precipitated with water addition.  As the intensities of 
these signals were small in the 1H NMR spectra, water was an effective antisolvent for 
lignin in the acidic BMIMCl solution. The signals for BMIMCl degradation products 
were not observed in the 1H NMR spectra, indicating BMIMCl is relatively stable at the 
given conditions. However, if the anion is a group such as methyl sulfate or 
methanesulfonate hydrolysis of the anion has been observed by 1H NMR (Brandt et al., 
2011). 
3.6. Characterisation of solid residues from pretreated bagasse 
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Fig. 3 shows the FTIR spectra of untreated bagasse and of solid residue from bagasse 
pretreated with water containing 1.2% HCl and with BMIMCl solution containing 1.2% 
HCl and 10% water. From the FTIR data, a number of bands were used to monitor the 
chemical changes in lignin and the carbohydrates. In general, the patterns of FTIR 
spectra of the solid residues from bagasse pretreated with water/acid and aqueous 
BMIMCl/acid were similar but the intensities of some bands were different. The ester 
bond signal at 1732 cm-1 was reduced after pretreatment compared to that of the 
untreated sample, suggesting that some ester linkages between lignin and carbohydrates 
were cleaved during pretreatment (Liu et al., 2009). The peaks at 1605 cm-1 and 1515 
cm-1, relating to aromatic skeleton vibrations in lignin (Liu et al., 2009), were more 
prominent in solid residue from bagasse pretreated with water/acid compared to 
untreated bagasse, indicating that pretreatment increased the proportion of lignin in 
solid residue (Table 4).  The increase in band intensities was also observed at 1460 cm-1 
and 1425 cm-1 for solid residue with water/acid pretreatment. This increase may be 
attributed to a higher content of methoxy groups present in lignin (Guo et al., 2008).  
A phenolic hydroxyl group band was observable at 1375 cm-1 for all the samples. The 
phenolic hydroxyl group is one of the common functional groups associated with the 
lignin structure (Guo et al., 2008; Li et al., 2009). The peak at 1320 cm-1 is attributed to 
C-H vibration in cellulose and C1-O vibrations in syringyl derivatives (Zhao et al., 
2008). The band intensity at 1320 cm-1 increased for the solid residue obtained from 
water/acid pretreatment compared to untreated bagasse and the solid residue from acidic 
IL pretreatment. This may be due to higher syringyl lignin content in water/acid-
pretreated bagasse. The increase in band intensities at around 1200 cm-1 for the solid 
residue from pretreated bagasse suggests an increased contribution from OH groups 
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(Guo et al., 2008). The peak at 1240 cm-1 is assigned to ether bonds (Liu et al., 2009). 
This peak was reduced in the spectrum of acid-pretreated bagasse and almost 
disappeared in the spectrum of acidic IL-pretreated bagasse. The reduction of peak 
intensity at 1240 cm-1 confirms that pretreatment with an acidic-IL solution is more 
effective in removing ether linkages between lignin and carbohydrates than dilute acid 
pretreatment. 
The band intensities at 1105 cm-1, which correspond to crystalline cellulose (Li et al., 
2010), were stronger for the acid-pretreated residues, indicating that the acid 
pretreatment increased biomass crystallinity by removal of the amorphous 
hemicellulose component. As shown in Fig. S2, the peak (2θ at ~ 15.5°) which 
corresponds to crystalline cellulose was still significantly present in the pretreated solid 
residues, as the CrI increased from 0.6 for untreated bagasse to ~0.7 in the solid residues. 
The slight increase of CrI could be attributed to the removal/dissolution of amorphous 
components such as amorphous cellulose, xylan and lignin. The increase of CrI was also 
observed with increasing water content in IL solutions (Doherty et al., 2011, Fu & 
Mazza 2011a). 
The peak at 1050 cm-1 is possibly attributable to the first hydroxyl group in lignin (Guo 
et al., 2008).  It was prominent in both the pretreated samples. The peak at 898 cm-1 is 
characteristic of β-glycosidic linkages, and demonstrates the presence of predominant β-
glycosidic linkages between the sugar units in cellulose and hemicellulose (Liu et al., 
2009). The peak at 835 cm-1 belongs to a C-H out-of-plane vibration in lignin (Zhao et 
al., 2008) and was least in intensity in the solid residue obtained with acidic IL solution.  
This result was consistent with the chemical analysis data shown in Table 4.  
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SEM images (Fig. S3) show that the bagasse particle sizes were reduced significantly 
after pretreatment with acidic aqueous BMIMCl solution compared to untreated bagasse 
and bagasse pretreated with water containing acid.  The untreated bagasse sample had a 
particle size range of 250 – 500 µm and exhibited grid and compact fibres (Fig. S3a), 
which presumably hindered the accessibility of the cellulase enzymes to the cellulose 
component of bagasse. The particle size and the morphology of the bagasse pretreated 
with water/acid did not change significantly compared to that of untreated bagasse (Fig. 
S3b). In contrast, pretreatment with acidic IL solution reduced the particle sizes 
significantly by removing a large proportion of the lignin and the majority of the 
hemicellulose, defibrillating and disintegrating the fibre bundles (Fig. S3c). The average 
particle size range of bagasse pretreated with acidic aqueous BMIMCl solution was ~25 
– 30 µm (Fig. S3d). These changes resulted in increased accessibility of the enzymes 
and reduced recalcitrance of cellulose, and hence improved glucan digestibility.  
4. Conclusions  
A sugarcane bagasse pretreatment method was developed using acidified aqueous 
BMIMCl solutions. Pretreatment at 130 °C at short reaction times (≤ 30 min) using 
acidic BMIMCl solutions generated solid residues having high glucan digestibility (> 
90%). Other advantages of this process include the potential to work at high biomass 
loadings and the prospect to re-use the IL solution without reduction in pretreatment 
effectiveness. Currently, an acidified aqueous IL solution-based biorefinery process is 
being developed to fully utilise bagasse for production of fermentable sugar (glucose) 
and recovery of by-products (furfural, acetic acid and lignin).     
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Tables and Figures 
Tables 
Table 1. Effect of types of acid catalyst on bagasse composition, glucan digestibility (72 
h), and total glucose yield (72 h). Pretreatment conditions: BMIMCl solution containing 
20% water, 130 °C for 30 min.   
Table 2. Effect of pretreatment temperature and HCl concentration on bagasse 
composition, glucose digestibility and total glucose yield (72 h). Pretreatment 
conditions: BMIMCl solution containing 20% water, 30 min.   
Table 3. Effect of pretreatment time on bagasse composition, glucan digestibility (72 h) 
and total glucose yield (72 h). Pretreatment conditions: BMIMCl solution containing 20%
water and 1.2% HCl, 130 °C.   
 
 
Table 4. Effect of water content on bagasse composition, glucan digestibility (24 h/72 h) 
and total glucose yield (72 h). Pretreatment conditions: BMIMCl solution containing 1.2%
HCl, 130 °C for 30 min.   
Table 5. Yield of components generated in pretreatment hydrolysate compared to total 
bagasse, glucan and xylan. Pretreatment conditions: BMIMCl solution containing 1.2% 
HCl, 130 °C for 30 min. 
 
 
   
27 
 
Figures 
Figure 1. Kinetics of enzymatic hydrolysis of the solid residues from bagasse pretreated 
with BMIMCl solution containing different amounts of water. Pretreatment conditions: 
130 °C and 30 min for aqueous BMIMCl solutions and 60 min for dilute acid (no 
BMIMCl) solution.   Note:  The differences between duplicate results were < 5.0%.  
Figure 2. Digestibility of the solid residue from bagasse pretreated with fresh (1st) and 
recycled (2nd, 3rd and 4th) BMIMCl solutions.  Pretreatment conditions: 130 °C for 30 
min.   Note:  The differences between duplicate results were < 3.0%.  
Figure 3. FTIR spectra of (a) untreated bagasse, (b) bagasse pretreated with water 
containing 1.2% HCl and (c) bagasse pretreated with BMIMCl solution containing 1.2% 
HCl and 20% water. Pretreatment conditions: 130 °C for 30 min.    
Supplementary Figure 1. 1H NMR spectra of BMIMCl solution after 4th batch 
pretreatment 
Supplementary Figure 2. XRD spectra for untreated bagasse and the solid resides from 
pretreated bagasse. 
Supplementary Figure 3. SEM images of (a) untreated bagasse, (b) bagasse pretreated 
with water containing 1.2% HCl (130 °C for 60 min), and (c and d) bagasse pretreated 
with BMIMCl solution containing 1.2% HCl and 20% water (130 °C for 30 min). 
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Table 1. 
Total 
glucose 
yield (%) 
Content (%)  Recovery (%) Acid type and 
concentration 
Digestibility 
(%)  Glucan Xylan  Glucan Xylan 
1.2% HCl 69.6 1.9  92.8 4.8 97.5 90.5 
1.6% H2SO4  65.1 5.5  94.3 15.0 93.5 88.2 
1.2% FeCl3 63.1 8.3  95.2 23.6 86.0 81.9 
BMIMCl only* 43.0 22.1  97.3 94.1 29.5 28.7 
Untreated bagasse 42.9 22.8  100.0 100.0 6.9 6.9 
* Pretreatment time was 120 min 
Note:  The differences between duplicate results were < 2.0% for glucan content, < 0.5%
for xylan content of < 10.0%, < 1.0% for xylan content of > 10.0%, < 2.0% for recovery 
of glucan and xylan, and  < 3.0% for digestibility and total glucose yield.  
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Table 2. 
Content in solid 
residue (%) 
Recovery in solid 
residue (%) 
Total 
glucose 
yield 
(%) 
HCl concentration Digestibility 
(%)  and temperature Glucan Xylan Glucan Xylan 
3.6%, 90 °C 60.0 9.2 94.8 27.4 63.1 59.8 
2.4%, 110 °C 63.2 7.3 93.1 20.2 91.8 85.5 
1.2%, 110 °C 60.7 8.0 93.6 23.2 79.1 74.0 
1.2%, 130 °C 69.6 1.9 92.8 4.8 97.5 90.5 
0.4%, 130 °C 62.3 6.9 94.5 19.7 92.8 87.7 
Note:  The differences between duplicate results were < 2.0% for glucan content, < 0.5%
for xylan content, < 2.0% for recovery of glucan and xylan, and < 4.0% for digestibility 
and total glucose yield.  
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Table 3. 
Total 
glucose 
yield 
(%) 
Content in solid residue (%)  Recovery in solid residue (%) 
Pretreatment 
time 
Digestibility 
(%) Glucan Xylan  Glucan Xylan 
15 min 63.4 6.2  93.3 17.2 92.6 86.4 
30 min 69.6 1.9  92.8 4.8 97.5 90.5 
45 min 70.1 1.1  92.1 2.7 100.0 92.1 
Note:  The differences between duplicate results were < 2.0% for glucan content, < 0.5%
for xylan content, < 2.0% for recovery of glucan and xylan, and < 3.0% for digestibility 
and total glucose yield.  
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Table 4. 
Content in solid residue 
(%) 
Recovery in solid residue 
(%) Water/BMIMCl/HCl 
(%) 
Digestibility 
(24 h/72 h, %)
Total 
glucose 
yield (72 
h, %) Glucan Xylan Lignin Glucan Xylan Lignin 
3.0/95.8/1.2 63.5 0.0 - 52.7 0.0 - 97.5/100.0 52.7 
10.0/88.8/1.2 72.1 1.0 24.3 85.6 2.2 45.8 98.2/100.0 85.6 
20.0/78.8/1.2 69.6 1.9 25.9 92.8 4.8 54.9 94.5/97.5 90.5 
30.0/68.8/1.2 65.4 5.8 26.1 93.4 15.6 59.2 89.3/93.7 87.5 
50.0/58.8/1.2 63.7 6.9 27.0 94.2 19.2 63.4 65.3/83.5 78.7 
98.8/0.0/1.2, 60 min 
pretreatment 56.3 8.5 31.0 95.1 27.0 83.2 32.5/38.4 36.5 
Untreated bagasse 42.9 22.8 27.0 100.0 100.0 100.0 6.0/6.9 6.9 
Note:  The differences between duplicate results were < 2.0% for glucan content, < 0.5%
for xylan content, < 1.0% for lignin content, < 2.0% for recovery of glucan, xylan and 
lignin, and < 5.0% for calculated digestibility and total glucose yield.  
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Table 5. 
Yield on 
glucan (%) 
Yield on xylan 
(%) Yield on bagasse (%)     Water/BMIMCl/HCl 
(%) Acetic 
acid Furfural
*Glucose Xylose HMF Furfural Glucose HMF   Xylose  
3.0/95.8/1.2 0.3 0.2 2.6 2.3 4.7 0.8 7.9  0.9 13.2  
10.0/88.8/1.2 0.6 1.4 0.6 4.0 4.7 1.2 1.8  5.4 22.8  
20.0/78.8/1.2 1.0 5.0 0.3 5.6 4.6 2.1 0.9  19.3 32.0  
30.0/68.8/1.2 1.3 12.3 - 4.1 4.4 2.7 -  47.5 23.4  
50.0/48.8/1.2 0.8 18.9 - 0.7 4.4 1.7 -  73.0 4.0  
98.8/0.0/1.2 0.6 21.7 - 0.1 4.4 1.2 -  79.2 0.7  
* The furfural yields were estimated based on the total amount of xylan and arabinan.  
Note:  The differences between duplicate results were < 0.2% for the yields of glucose 
and HMF on bagasse, < 0.4% for the yields of glucose and HMF on glucan, < 0.1% for 
the xylose and furfural yields of < 4.0% on bagasse,  < 0.5% for for the xylose and 
furfural yields of ≥ 4.0% on bagasse, < 0.3% for the xylose and furfural yields of < 15% 
on xylan, < 2.0 % for the xylose and furfural yields of 15.0% on xylan.  
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